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(57) Abstract 



Methods and appanitus implt-menting a technique for electrostatically transporting a particle (130) through a medium. In general, one 
implemeniaiion includes a substrate ( 130); a first Insulation layer (120) formed on the substrate ( 130); a plurality of electrodes (105, 1 10. 
1 15) arranged in a sequence on the insulation layer (120), where the electrodes (105, 1 10. 1 15) are divided into a plurality of groups and 
the electrodes are arranged by group; a second insulation layer (235) over at least one of the electrodes (105. 1 10. 1 15): and a phase-shift 
circuit (800) connected to the electrodes (105. 1 10. 115) which supplies a voltage wave-form to each group of electrodes, where each 
: voltage wave-form for each group is phase-shifted relative to the other phase-shifted wave -forms. 
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ELECTROSTATIC PARTICLE TRANSPORTATION 

The Government may have ::ertain rights based on 
Grant No. N660Cl-9b-C-8632 awarded by U.S. Navy. 

5 TECHNICAL FIELD 

The present disclosure relates to the 
electrostatic transportation of particles. 

BACKGROUND 

Transport of particles is fundamertai to many 

10 instruments including airborne samplers, particle 
sorters, and electrostatic cleaning apparatuses. 
Specifically, the particle diameter range from 1 to 10 urn 
is of significant importance because many airborne 
pollutants such as biological spores, dust particles, and 

15 cnenical agents fall into chis geom.etric size range. In 
addition, other airborne pollutants, orders of magnitude 
smaller than this size range, have also been dispersed in 
a-r with the aid of larger carrier particles which are in 
the 1-lOym size scale. Therefore, such a particle 

20 transport device becomes a vital component of a wide 
range of instruments . 

Electrostatic particle transportation for 1-10 
pm sized particle has been an unresolved task for 
engineers. Devices for manipulation and transport have 

25 been developed for larger size ranges of particles, but 
not in the 1 to 10 pm particle scales. Surface forces and 
particle charging becom.e difficult issues in successfully 
engineering a robust particle transport mechanism, ror 
example, Novick, Hummer, and Dunn have noted that the 
30 sub-lOum range presents a different regime where surface 
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adhesive forces and par*^icie zharqir.g hinder the 
successfui engineerxng cf a robust particle transport 
system. See V.J. Kovick, C.R. Hummer, and P.F. Dunn, 
"Minimun dc electric field requirements for removing 
5 powder layers from a conductive surface," Journal of 

Applied Physics, Vol. 6S , 3242-3247, 1E*89. Previous MEMS 
work only reported success on moving larger particles 
over ICun) with \'cltages typically in the kV regime. 
See F.K. Moesner, T. Higuchi, "Devices for Parti.cle 
10 Handling by an AC Electric ^'ieid, " IEEE Conference Proc. 
MEMS 1995. 

SUMMARY 

The present disclosure describes methods and 
apparatus impien-;ent ing a technique for electrostatically 

15 transporting a particle thrcugh a medium. In general, 
one implementation in::ludes a substrate; a first 
-nsulati-on layer formed on the substrate; a plurality of 
electrodes arranged in a -sequence on the insulation 
layer, where the electrodes are divided into a plurality 

20 of groups and the electrodes are arranged by group; a 
second insulation layer Dver at least 3ne of the 
electrodes; and a phase shift circuit connected to the 
electrodes which supplies a voltage wave-form to each 
group of electrodes, where each voltage wave-form for 

25 each group is phase-shifted relative to the other phase- 
shifted wave-forms . 

The technique also includes generating a plurality 
cf phase-shifted voltage wave-forms, each said voltage 
wave-form phase-shifted relative to each of the other 

30 phase-shifted voltage wave-fcrms; applying each phase- 
shifted voltage wave-form to a corresponding one of a 
plurality cf electrodes to tause a particle to transport 



BNSOOCID *WO_99l7883Al_l_> 



wo 99/17883 




PCT/US98/2I198 



across the electrodes according zo the phase-shifting, 
where zhe electrodes are arranged in sequential groups, 
each group including an electrode from each set in a 
sequence according to the phase-shift c::rresponding to 
5 that electrode, and where the particle is transported at 
a height over the electrodes between approximately 10 and 
1001 of the diameter of the particle. 



3r-.I£F DESCRirTIOIJ OF THE D?:AWING5 
FIG. 1 shov/s an electrode panel dI an 
10 electrostatic particle t ranspo :.:tat ion C'EPT") systerr.. 

FIGS. 2A through 2E illustrate a preferred 
fabricaticn process for an el.ectrjde panel of an EPT 
chip. 

FIG. 3A shows an example era radial electrode 
15- getmetry. 

FIG. 33 shovv'S an examp_e cf a zig-zag electrode 
ge:metry- 

FIG. 3Z shows an exarr.ple of a linear electrode 
geometry. 

20 FIG. 4 shows an example of a linear two- 

dimensional grid of electrodes for two dimensional 
particle movemvent . 

FIG. 5 shows a cross-section of an electrode panel 
v;ith values for width or thickness. 
25 FIG. 6. shows a set of electrodes connected in 

three separate groups. 

FIG. shows voltage patterns for three-phase 
operation of the electrode panel, 

FIG, & shows a schematic of a phase circuit for 
30 generating the waveforms shown in FIG. 7. 

FIG. 9 depicts forces acting upon a particle. 
FIG. 10 is a 3hart of two di.mensicnal finite 
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elemenr. simuia-icn results which clearly shew "his trend. 

FIG. 11 is a chart which shows the magnitude of 
the image fcrces as a function of posi!:ior, . 

FIG. 12 shows the variatirn of transportation 
5 efficiency vs. insulation height for Bum glass spheres 
for photoresist. 

FIGS. 12 and 13 show the variatior: of 
transportation efficiency vs. insuiaticn neight for 8piri 
glass spheres for Teflcn"'^ 
10 FIG. 14 snows a t.hree din:\en3 ional view of a filter 

with electrodes. 

FIGS. ISA - 15G show a fabrication sequence for 
the air filter shown i-n FIG. 14. 

FIGS. 16A - 16C shi'W examples of three types of 
15 electrode designs. 

FIG. 17 shows an exairple :f a high frequency phase 
circuit. FIG. 18 shows a conceptual picture of liquid 

to air E?T system. 

FIG. 19 shows a cross-secti Dn of an interface 
20 region and interdigitated electro :ies. 

DETAILED DESCRIPTIOM 
The present disclosure describes methods and 

apparatus implementing a technique for electrostatic 

particle transportation. In a preferred implementation, 
25 a chip built using m.icromachming technology includes 

patterned and insulated electrodes in a grid or arrays. 

The electrodes are specif icai:Ly oesigned to 

electrostatically transport partitles from 1 - 10 pm m 

diameter. Using conventional techniques, 
30 electrostatically transporting partizles in this size 

range is very difficult. The technique of the present 



BNSDOCiO <WO 9917683A1_I_» 



wo 99/17883 




PCT/US98/2n98 



disclosure shov/s that such t ransp^rca cion can be done 
with rhe right combinaciC'n of insulation nateriais, 
insulation ehic.-inesses, particle sizes, particle 
compositions, wave-forms, frequencies, and voltages. 
5 Particle transportation efficiencies as high as 90^ have 
been routinely achieved for 5 and 8 micron glass beads. 
This technology has wide applications. For example, a 
membrane air-filter utilizing this particle 
t ranspornat ion technique can be fabricaced. 

10 FIG. 1 shows an electrode panel 100 of an 

elecr roscatic particle transportacion C'EPT") syste:T> 
including three electrode arrays 13r, 110, 115 covered by 
an insulation layer 120. The electro :ies 105, 110, 115 
are posi'iicned upon a silicor. oxide (SiD^* layer 125. The 

15 silicDn oxide layer 125 is fcrned on a silicon substrate 
13C. The fabricatiin process is described below. A 
phase shifted electrical signal is appiiec to the 
electrode arrays 105, 110, 115 tc cause a panicle 130 to 
Tiove in the direction indicatec by arrow 135. 

20 The components in the EPT systen can vary 

depending upon the application and desired performance 
characteristics. The insulation layer 120 can be made 
from a variery of insulation materials, such as silicon 
nitride, photoresist, or pclytetraf lucrcethyiene (i.e., 

25 Teflon™) . The thickness of the insulation layer 120 can 
also vary from zero to approximately ITpm. The size of 
the particle 130 which can be used with the system can 
vary from approximately 1 to 10pm. In addition, the 
particle 130 can be made from various materials, 

30 including metal, glass, polystyrene, spores, etc. The 
signal supplied to the electrodes 105, 110, 115 can have 
a variety of wave-forms, frequencies, and voltages. 
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FIGS. 2A through 21 illus::rate a preferred 
fabricarion process fcr an eiecrrode panel 2C0 ci an E?T 
chip 200. The resulting EFT chip 200 includes twc 
insulr^tion layers and rwo conductive layers fcrxing a 
5 three phase network. In alternative ix.piemenriaric'ns 

having higher order phases, the eiertrode panel includes 
more insulation and vconductive layers. A cross-sertional 
view :f a finished elecrr^ae panel is shown in r'lG. 1. 

In FIG. 2A, 3 silicon substrate 205 is coated v;ith 
10 5 'aver 210 c^£ r.herma- oxice ape roxi.Tiately 1-2 chicr:. 
The substrate 205 can be made of alterative materials 
surh as class, quartz cr sscphire, and the thermal oxide 
layer 21C can be- formed from niaterials such as silicon 
dioxide. 

15 In FI3. 2B, approxin-iacely 300C A cf aluxinum is 

thermally evaporated and patterned tc form electrodes 
215. In FIG. 2C, Silicon nitride ("SiM"). is deposited 
by plasma enhanced chemical vapcr deposition {"PECVD") to 
fo'rm c'ijri onsulatoon layer 220 appr : ximately lym thick upon 

20 the electrc'des 215 and thermal oxide layer 210. One or 
more via holies 225 are etched into the silicon nitride 
layer 220 to prc-vide access to t.he electrodes 215. In 
FIG. 2D, a second Al layer 230 is deposited upon the 
sij^icon nitride layer 220 and patterned. In an 

25 alternative implementation, a similar process using gold 
-instead of aluminum for the electrodes 215 and aluminum 
layer 2 30 and low temperature thermal oxide instead cf 
PECVD silicon nitride for the silicon nitride layer 220 
can be used. 

30 In FIG. 2E, an insulation layer 235 ranging from 

approximately lum to Sum in thi :>ness is deposited t:: 
cover the structure shown in FIG. 2D. The insulation 
layer 23 5 can be applied in varying thicknesses or 
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omitted entirely to change • part icie adhesion 
characteristics. Various materials such as photoresist, 
paryiene, and/or Teflon''" can be used for this insulation 
layer 235. The insulation' layer 235 can also be modified 
5 through hexamethyidisilizane (''HMDS") surface treatment; 
0~, plasma etching, which causes micro-roughening of the 
surface; or substrate annealing at 200 - AQO'^C ;for high 
temperature coatings such as silicon nitride) , which 
reduce surface moisture. 

10 Various elecLrode qeometiries can be fabrica::ed 

using zhe aho'/e process. Different cesigns can be used 
to transport particles in various areas on the chip. 
FIGS. 3A - 3C show examples of different cypes of 
electrode geometries: radial (FIG. 3A) , zig-zag (FIG. 

15 3B) , and linear (FIG. 3C;-. FIG. 4 shows an example of a 
linear two-dimensional grid AGO of electrodes for two 
dimensional particle movement. The grid 400 is formed 
from two linear arrays 405, 410 ire::all the linear array 
in FIG. 3C;» . Insulators 415 are positioned between the 

20 linear arrays 405, 410 v;here the arrays 405, 410 overlap. 

The width of the individual electrodes and the 
spacing between electrodes are instrum.ental for optimal 
particle control. FIG. 5 shows a cross-section of an 
electrode panel 500 with values for width cr thickness. 

25 The width of zhe electrodes 505 is preferably less than 
approximately 5]im and preferably more than approximately 
3um. The spacing between electrodes 505 is preferably 
based on the diameter of the particles. Hence, for 
particles around Siam, the electrode spacing is 

30 approximately Sum, and for particles with a diameter of 
approximately 5pm, the electrode spacing is approximately 
Spm. These values are optim.ized for linear and zig-zag 
transportation structures. The insulation layer 510 is 
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preferatly apprcxixat ely Iprr Z2 "un tn:c>, or Tiore 
preferably Iprr t:c 3un, to ensure minixai adhesiv-r-n. The 
silicon nitrice layer 515 is preferably arprcxim.ately Ipn 
thick. 

5 As noced above, the eiec-rcdes cf the elecrrcde 

panel cperate in rhree phases, FIG. 6 shows a ser cOC- of 
eiec-rodes 605 cvrnecied ir. three separate groups 61::, 
61:, 62 L . Insulators €25 are pcsiticned between 
ele2":r-:'aes oi" ccr.necttrns where croups overlap. Every 

10 thirii '--lectroce cOO is int ercc^nneciec: s^ "hat a 

''traveling" vrltsqe pattern thrcugh the three gr:.ups 610, 
61:, 6i:- can be utilised to - ransrorr particles in the 
direction of the phase progression. 

riG. " sh:.ws vcltaqe patterns f:^r the three-phase 

15 operation of the electrode panel. An triginal signal 
70 J is phase-shifted t :• for.T. three waveforiris, 705-, 710, 
71S. 0::her v:.ltage patterns such as sinusoidal waves, 
triangular waves, bi-polar traveling waves, or the 
inverse of the waveforms shc:w:; in FIG. 7 can also be 

20 utilized for sustaineii particle motion. 

FIG. 8 shows a schematic of a phase circuit 9 00 
for generating the waveforms shown in FIG. 7. The pnase 
circuit 700 delivers voltages preferably ranging from 
approximately lOV to 200V and at frequencies from 

25 approxim.ately O.lHz.to lOkHz, An input signal of 

approximately 0 to 9V is ourput sequenoially by phase- 
shift :;ircuit SOS on three separate ^ines 810, 315, 320. 
The signals on l.nes 310, 815, 320 drive corresponding 
transistors 825, 33C, 635 to output a voltage signal from 

30 a power supply 840 to output ..mes 845, 950, 355 . Hence, 
the signal on each output line 345, 850, 855 is 
sequentially phase shifted relative to one another such 
that -utput line 345 has the signal 710 shown in FIG. 1, 
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output line S50 has the signal 715, and ourpu^ line 855 
has the si;?nal 720 • Each Df the output lines 845, 850, 
855 is connected to a group of electrodes in che 
electrode panel (recall FIG. 6) to drive the electrodes 
5 in phase operation. Particles xove across the electrodes 
in according to the phase shifted waveform, as described 
below . 

In alternative implementat icns , parricles can be 
made to change direction by sv/it^hmg phases 1 and 3, and 

10 hop (in one place) Lrom cne electrode to another by 
turninq off one -f the phases. Such implementations 
include a double pole double throw type of sv;itch on the 
ouiput lines. 

Understanding stiction forces on the particle 

15 helps m analysis of the EPT system. I- is well known 
that for particles in the size range of 1 - lOum, 
adhesive forces arise fron Van der Waals attraction, a 
ir-eniscus force, and an linage force resulting from charges 
cn the particle. Gravitational and bocy forces are 

20 negligible for these airborne particles. The horizontal 
or x-compcnent of the electrostatic forces (dielectric 
and image; due to the voltage wave-form are responsible 
for particle transport. However, the y-component acts 
downward thus adding to the stiction forces. FIG. 9 

25 depicts an electrode panel 900 and the F, and Fy forces on 
a particle 905. These forces are described below. 

F, - F,,,;v) - F:,,(p) + F, -f F,^,(d) 
where Fr.^^. iv) and Fc,.-;v) are the x and y components of a 
30 driving force from applied voltage through the 

electrodes; F-^y [p) and F.,.^. (p) are the x and y components 
of an image force due tc charges cn the particle; F-. is a 
meniscus force; and r.,..^(d) is a Van dew Waals force. 
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interactiions between the particle and t:he insularion 
surface differ depending upon the type of fixm. 

Descriptions of experimental results with 
implementations of the technique of the present 

5 disclosure are described below to illustrate examples of 
application of tne technique. 

Tn one set of experiments, a variety of sizes and 
materials was tested v;ith an implementation of the KPT 
system operating in air. Most of tne experiments were 

10 performoG cn varic .;s linear electrode arr5:ys with 
spa cinq 3 of 5pm and 3um<, where the pitch ?ind v;idth 
soacing weie identical. Tne fi-l lowing chart summarizes 
the types of particles tested. 



Microspheres 



Mean diameter (iim) 



15 E'orosilicate glass 
E'Dlys tyrene DVB 
raper Mulberi'y Pollen* 
Bermuda Grass Smut Spores'^ 



1 : 



8.7 
.1 - IS 

8 - 8.2 



15.4 



20 



refers to hydrated size 



Particle efficiency data v/as gathereo by noting 
the ratio of particles transported to the edge of the 
linear electrode array vs. the total number of particles 
on the structure. Twomaj^r trends were noted during 
25 testing. 

The transportation efficiency increases v;ith 
increasing voltage apparently for each of the types cf 
the final insulation films and for varying thicknesses of 
the insulation film. Secondly, the type of final surface 
30 coating appeared id have a significant effect on particle 
efficiency and threshold voltage, i.e., the minimum 
voltage level lo exhibit particle motion. For examiple, 
photoresist film (hardbaked AZ 4400) resulted in apparent 
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rr.aximuir. efficiencies for glass particles cf appro:<iT.a::el y 
45':., while Teflor/-"- filns resulted in efficiencies cf 
apprcxinately 80%. The table below sunnarizes the 
characteristics of different surface coatings. 



5 Linear Sum spacing structure, 8um glass particles 



Surface coating 


Frequency 
rarjcre (Hz) 


Efficler.cv 


Threshold volcage 
(V) 


PEIV:- silicon 
n : ' de 


0.9 - 10 


10 i 


8C 


AZ 4 4 00 


0.1 - iCO 


45* 


50 


10 Tefl-n-^' (AF 

ICOIS) 


1 - 50';- 


■ .30% 


4G 



liote: daria has / - 20''t variation 



In addition to vsriation with different coating 
materials, transport effi::iency also is a function of 

15 final lnsu:Lation film thickness. There is an optimal 
thicriness associated w:th the resist for naximum 
efficiency. FIGS. 12 and 13 show zhe variation cf 
transportation efficiency vs. insulation height for Surrt 
glass spheres for photoresist and Teflon^-"-, respectively. 

20 As tne insulation thickness increases, the efficiency 

decreases because the electrostatic force decreases away 
frorr. the electrodes. Hovjever, if the insulation 
thickness is too thin, then the downward electrostatic 
force becomes much greater and consequently adds to the 

25 adhesive forces. As described above, finite element 

simulation verified this analysis. In addition, FIG. 13 
also shows the effect cf frequency and voltage. As 
frequency increases the efficiency improves, and then 
stays relatively constant. 

30 In another set of experiments, a micromachined 

airborne particle filrer was constructed including an EPT 
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system according tc the present disclosure. TIG. 14 
shows a three dimensional view of such a filter 1-100 with 
electrodes 1405- Particles are collected from air by a 
suci:ion fan mounted under the chip. The filter 1400 
collects particles 1410 whose sizes are larger than the 
size of filter holes 1415 in the filter 1405. Af::er 
being collected, the particles 1405 are electrostatically 
transpor';:ed by traveling voltage wave- forms, as described 
above, to a particle reservoir (no:: 3hov;n) . In the 
particle reservoir, the particles 1410 can be rumher 
processes, such as ecplying wetting and dissclving bio- 
aqents. 

FIGS. 15A - 15G sh3w a fabricati:>n sequence for 
tne air filter shown in FIG. 14. In FIG. 15A, 
approximately 1 pm of silicon nitride 1505 is deposited 
by low pressure cheraical vapor deposition C'LPCVD") on a 
silicon wafer 15 00, The silicon nitride layer 1505 forrriS 
a structural material for the filter 1400 and a mask for 
etching the backside wafer in potassium hydroxide 
(^^KOH"). In FIG. 153, one side 1507 of wafer 1500 is 
tinie etched until the thickness cf ::he silicon wafer 1500 
is approximately 20 \xm. In FIG. 15C, the silicon nitride 
layer 1505 on the opposite side 1505 is patterned tc 
prepare holes for the filter (recall the holes 1415 in 
the filter 1400 in FIG. 14). In FIG. 15D, approximately 
2500A of aluminum is thermally evaporated and patterned 
tc form electrodes 1510. Parylene is deposited to form 
an insulation layer 1515 over tne electrodes 1510. As 
describer above, the insulation layer can also be formed 
from materials such as photoresist. Teflon^", or a 
combinacion. In FIG. 15E, the insularicn layer 1515 is 
patterned to expose the silicon substrate 15C0 between 
electrodes 1510 and open a contact hole 1517. The 
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insuiacir.n layer 1515 also strengrhens the eventual 
silicon nitrzde filter mechanically. In FIG. 15?,' a 
second hi layer 152C is depositee and patterned over the 
contact hole ISl-:*. In FIG. 15G, the side 1507 of the 
5 silicon substrate 1500, is etched away in the central 

portion with bromine trifiuoride tc remove the silicon 
• between the electrodes 1:10 anc open holes 1525 through 
tr.e resulting filter 153:;. FIGS. 1 6A - l^C sh^v; exar.ples 
of three types of --lectrode designs. 

10 Particle transport in tne resulting filter 1530 is 

perfornied using the saTie three phase circuit described 
aoove with reference tc FIG. 8. An additional Teflon--"^ 
t:>ating applied ever insulation layer 1515 can Inprove 
the movement of t jr 3 pm borosilicate glass particles. 

15 In addition to particle transport in air, ar. 

alternative implementation provides particl.e transport in 
liquid using traveling wave-forms of higher frequencies. 
In another set of experiments, transport cf Borosilicate 
glass particles has been done m vacuum pump oil and 

20 water. The glass particles rrove well in both liquids. 
The transportation of glass particles m di1 is very 
similar with that m air. The yield of transportation is 
almost 100 %. In oil, glass particles are moved by the 
positive iielectrophoretic force, i.e., the particles 

25 move to the strongest electric field region. In water, 
the glass particles are moved by the negative ' 
dielectrophoretic force, i.e., the particles move to the 
weakest electric field region. The particles are 
levitated between tne electrodes. The electrode geometry 

30 may vary from that described above for air depending upon 
the type of the liquid, such a =: varying the spacing 
between electrodes. Kov/ever, the frequency ranges for 
particles in oil and water are quite different. 
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Preferred Dperation frequencies are shown in the table 
below . 





Medi urn 


FrequeriL 


:y Range 


Threshold voltage 




water 


lOOkH-^ 


-4MHz 


30V 


5 


oil 


3Hz - 


50CHZ 


20 V 



A high frequency and voltage circuit is used to 
transport particles in water. A high frequency power 
supply is necessary rc avoid the electrolysis cf water. 

10 An exar-iple of such a circuit IIOZ is shown in FIG. 17. 
The high frequency phase circuit 1700 is similar to the 
phase -ircuit 300 shown in PIG. 8, However frequency 
circuic 1705 is used in place of the resistors 810, 315, 
820 and transistors 825, 330, 835 to phase shift the 

15 input signal and increase the freauency to the 
appropriate level . 

In another implementation, combining the 
implerr.entat ions described above for air and liquid 
mediums, EPT system proviies parti rle transport from. 

20 an air to liquid medium. FIG. 1& shows a conceptual 
picture of l:.quid to air EPT system 1800. A liquid 
channel or reservoir 1805 is created by etching a cavity 
in a glass slide. The etched slide is bonded to an 
electrode panel 1810. Alternative ways of creating this 

25 liquid interface include using a bulk micromachined, a 
surface micromachined silicon substrate, or molded 
silicone such as polydimethylsiloxane ('^PDMS";. instead of 
glass. As noted above, the electrode geometry and input 
voltage wave-form requirements can be different for 

30 transportation in air and in a liquid medium. 

Accordingly the electrode panel 1810 includes three 
regions of electrodes: a liquid region 1815, an interface 
region 1S20, and an air region 3 825. Each region has a 
different configuration of electr ::de3 . Thus, particles 
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1330 are nioved frorr. cne reqion zz zhe z\exz cv the E?T 
process correspcnding to the electrode configuration of 
the region. The liquid region IS 15 is covered bv the 
reservoir 1805 and includes electroces configured as 
described above for a liquid EFT system. Similarly, the 
air region lr25 is exposed od air and includes electrodes 
ccnfig-jrec as desrribec above f:r an air EPT system. 

In the interface region »:he electrodes for 

each medium are interdigi tated with eac:. ctner. FIG. 13 
shows cross-secti :5n of one in^erfiice region 1?00 ana 
the inoerdig.1 taoej eleotrcdes :?=:5, 151-:. A liquid 
meniscus 1 :r is formed by the. liquid contacting the 
reservoir 19i:; ano ohe insu.ati :-n layer 192 5 of the 
electrrtde panel 1330. The position ::>f the 1 iquid m.eniscus 
l '.^15 is nor const ano, but varief over a range 1^17. Part 
of this variacicn of the meniscus 1;*15 -lo represented by 
cashed lines 1916. On.the liquio. side IE'18 of that range 
1917, Lhe ^'liquid" electrodes i:*10 are ooniigured for 
liquid EPT. On the air side 191:'v cf tne range 1917 of 
meniscus movement, the ^'air" electrodes 190 5 are 
configured for air EPT. In Lhe range 1917, the 
electrodes 1=^:5, 1910 are mterdigi tated because the 
medium adjaceno the electrodes 1905, 1910 varies between 
air and water aepending upon the position of the m:eniscus 
1915. The degree of interdigitat ion is not limited to a 
one-to-one ratio as shown in the picture, but can be 
varied to optimize performance (e,g., zd every third or 
every fifth electrode can be for "'liquid") . 

Numerous exemplary implementations cf the technique 
have been described. However, the technique is not 
lim.ited to the examples described above. For exam.ple, 
the technique may he applied to alternative media, such 
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as gases other than air or c::her liquids, with 
appropriare modification to the electrode panel. 
Accordingly, the technique is limited only by the scope 
of the following claims . 
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Wha:: :.s claimed is: 

1. A method of electrcsta -ically t ranspc rt ing a particle 
n'nrouqh a mediurr., comprising: 

generatinq a plurality cf phase-shifted vcl-age 
5 wave-forms, each said-vcltage wave-fern phase-shif tied 

relative zc ea ::h cf. the c'her phase-shif ::ed voltage wave- 
f crrr.s ; 

applying each phase-shifted voltiace wave-form to a 
crrrespcnding one cf a plurality of eieczrodes to cause a 
10 parcicie to transport across the electrodes according to 
-he phase- shifting, 

wnere the electrodes are arranged in sequential 
croups, eath group including ar. elect ::ode from each set 
in a sequence according to the phase-shift corresponding 
15 to that electrode, and 

where tne particle is transported at a height over 
the electrodes between approximately IC and 100% of the 
diameter ^f the particle. 

2. The method of claim 1, wherein the phase-shifted 
20 voltage wave- forms have an amplitude and frequency set 

according to the media through v;hich the particle is 
berng transported. 

3. The method of claim 1, v^herein the medium: is air. 
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4. The method of claim 1, further corr.pr ising : 

generating a second plurality of phase-shifted 
voltage wave-forms v;hich are different fron said 
plurality of phase-shifted voltage wave-forms; and 
5 applying eacn of the second plurality of phase- 

shifted voltage wave-forms to a corresponding one of a 
second plurality c f electrodes tc cause the parti::le to 
transport across the second plurality of electrodes 
according to the second phase-sr.i f 1 1 ng . 

10 5. The merhod of claiT: 4, where saia plurality z^f 

electrodes and 3aid second plurality of electrodes are 
arranged perpendicular to one ariother. 

6. The method of claim 4, where at lease a portion of 
zhe electrodes :-f said plurality of electrodes and a 

15 Dortiion of the electrodes of said secor.d plurality of 
electrodes are in terdi gloated . 

7. The method of claim 4, where che method is for 
electrostatically transporting a particle through said 
medium and through a second mediuix, 

20 where said second plurality of phase-shifted voltage 

wave-forms are for the second media, and 

where the phase-shifted voltage wave-forms cf said 

second plurality Df phase-shifted voltage wave-forms have 

a secona amplitude and second frequency set according to 
25 the second media through which the particle is being 

transported . 
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B. The r^ethoc cf ciaix -z , v;here the merhca i3 for 




eieccrcsrar icail y t: ranspcrt ing a particl-e *:hrough said 




xedium and chrcugh a seccr.d nediun-.^ vherein rhe second 




nediuir. la a liquid. 


5 


9. A sysrex f: r electrcstat icaliy c rar.sp: rt 1 nq a 




parricle through a nediurr:, comprisir.q: 




a substrane; 




a first insulation Layer termed on tne substrate; 




= plurality of el-s-crrodes arranged in a sequence on 


10 


the insulation layer, Adhere the electrodes are divided 




inno a plurality cf grouts and the electrodes are 




arrangec by grt'Up; 




a second insulation layer ever at least one of the 




electrodes ; and 


15 


a rnase shift cir::ult connected to the electrodes 




v;hich supplies a voltage wave-form to ea-h group of 




electrodes, where each voita^'e wave- form for each group 




is phase-shifted relative to the other phase-shifted 




. wave-f or.TiS . 


20 


10. The system of ::laim S^, wherein tne rriediura is a gas. 




11. The system of claim 9, wherein tne rr.edium is air. 




12. The system of zlain v/herein each voltage wave- 




form has an amplitude of approxinatexv IGOV. 




•. 

13. The system, of claim 9, wherein the particle has a 


25 


dia.meter Less than approximately twenty microm.eters . 
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l-l. The systena of claim 9, wherein zhe particle has a 
diameTier between approximately one and approxinately ten 
mi urometers • 

15. The system of claim 9, wherein the particle is made 
5 of giass- 

l^j. The system of claim 9, wherein the particle is an 
airborne pollen. 

17. The system of claim 9, -wherein the substrate is xade 
from silicon. 

10 1:. The system, of claim 9, wherein the substrate is made 
from glass. 

19. The system of claim 9, wherein the rirst insulation 
layer is made from thermal oxide. 

2G. The system of claim 9, wherein the first insulation 
15 layer is approximately 1 micrometer thic<. 

21. The systemi of claim 9, wherein the electrodes are 
made from, aluminum. 

22. The system of claim 9, wherein the electrodes are 
arranged in a radial pattern. 

20 23. The system of claim 9, wherein the electrodes are 
arranged in a linear pattern. 
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24. The system cf clainr. ?, >;herein the elec^rcdes are 
arranged ir. a zi q-za 5 pa;:ter" . 



25. The sysrern cf clairr. v;herein the electircdes are 
each no more than approxixareiy five micrometers wide. 

5 26. The system cf claix wherein the electrodes are 
spaced approximately eiqht micro.T.eters aoart. 

27. The syster. of clain^. r, v.'nereir. the electrodes are 
spaced approxirr.at el y five rr.icrometers apart to 
acccrrmodate a particle apt roximately five micrometers in 
10 '1 i arte ter . 



28. The system of claim 9, wherein the electrodes are 
space'Ci apart a dtstante acprcximat ely equal to the 
diameter of the particle. 

29. The system o-f claim 'i\ wherein the second insulation 
15 layer is made from polytetraf lucrcethylene . 

30. The system of ciairr. ?, wherein tne second insulation 
layer is made from paryiene. 

31. The system of claim wherein the second insulation 
layer is approximately one to approximately seven 

20 micrcmerers thick. 

32. The system of claim 9, wherein the system is a 
micromachined airborne oarticle filter. 



BNSOOCiD <WO_ 99i7883At J_> 



wo 99/17883 




PCT/US98/2n98 



33. The system of claim 9, further comprising: 

a second plurality of second electrodes arranged in 
a sequence on the insulation layer, v/here the second 
electrodes are divided inro a plurality of second groups 
5 and the second electrodes are arranged by second group; 

wnere the phase shift circuit supplies a second 
vcluage wave-forn to eacn second group of second 
electrodes, v;here each second voltage wave-form is pnase- 
shifted relative to tne otner secon:! phase-snif ted wave- 
10 forms and v;hich are different from said phase-shi ited 
vcdtage wave- forms for said groups of electrodes. 

34, The systeri of claim 33, wr.ere said plurality of 
electrodes and said second plurality of second electrodes 
are arranged perpendicular to one another. 

15 3d. The system of claim. 33, v;here at least a portion of 
said electrodes of said plurality of electrodes and a 
portion cf said second electrodes of said second 
plurality of second electrodes are xnterdig i tated . 

36. The system, of claim. 33, where the system is for 
20 electrostatically transporting a particle through said 
medium and through a second medium, 

where said second phase-shifted vclcage wave-forms, 
are fcr the second media, and 

where said second phase-shifted voltage wave-forms 
25 have a second amplitude and second frequency set 

according to the second media through which the particle 
is being transported. 
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37. The syste.T of clain 33, v;here the sysrex. :.s for 
electrcstatiicaliy trar.spomnq a particle through said 
rr;^^dlum and thrcugh a second xediur., wherein the second 
rr.edium is. s liquid. 

5 33. The sysrerr of ciain:: 3:^, wherein the second medium i5 
water. 

'--•^ cystera of c^aix 37, furtiner conprising a 
reservcir connected to r-e second insulation layer, 
positicneo to contain the liquid between the reservoir 
10 and said secono electrodes. 

4 3, A met nod :f manufacturing a syster?. for 

eiectr :»statically transpcrting a particle through a 

medium, c-OTorising: 

cc.ating a suostrate with an oxide layer; 
15 depC'Sitin^ a first metal layer upon the oxide Layer; 

patternin; the first xetal layer to form electrodes; 
dept siting a first insulation layer upon the oxide 
layer and the electrodes; 

patterning the first insulation layer to open a 
20 contact hole to at least one electrode; 

depositing a second metal layer upon the first 
insulation layer, where the second metal layer contacts 
the first metal layer through the contact hole; 
patterning the second metal layer; and 
25 depositing a second insulation layer upon the first 

■ insulation layer and the patterned second metal layer. 
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41. A method of manufacturing an airborne particle 
filter inciuding a system for elect rostaticaiiy 
transporting a particle across the filter, comprising: 

depositing a first silicon nitride layer on a first 
5 side of a silicon v/afer and a second silicon nitride 
layer on a second side of the siliccn v;afer; 

etching the second side jf the silicon wafer, using 
the second silicon nitride layer thereon as a mask; 

r,atternin:;j the first silicon nitride layer to open 
10 r.oles m zho s_licon nitride layer; 

deposit in. 7 a first m.etal layer upon r,he first 
siliC'Dn r.itride layer; 

pat-:erning the first metal layer to form electrodes 
upon the first silicon nitride layer; 
15 dep-ositing an insulatic>n layer upon the first 

siliccn nitride layer and the electrodes; 

at ^crn in J the insulaticn layer zc open at least cne 
ccntart nole r az least one electrode; 

:iep:-3iring a second metal l^yer jpor. ihe insulation 
20 layer, where the second metal layer contacts at least one 
electrode through at least one contact hole; 
patterning the second metal layer; and 
etching the silicon wafer from the second side to 
rem.ove the silicon contacting the first silicon nitride 
25 layer opposite the electrodes. 



BNSDCX:iD <WO 9917e83Aij_> 



wo 99/17883 




PCT/US98/21198 



FIG. 2A 



210 
205 



-200 



215- 



FIG. 2B 



220. 



225, 



FIG. 2C 



FIG. 2D 



235- 



FIG. 2E 



230 




—-^ re 



BNSDOCiD: <WO 9917a83Al J_> 




aNSDOCID <WO___99i78a3A1 J_;» 




BNSCX5CI0: <WO 9917883AlJ_> 



wo 99/17883 




PCT/US98/2n98 



FIG. 6 




BNSCX5CI0 <WO 99178a3Al_l_> 



wo 99/17883 




PCT I S98'2I198 



FIG. 7 
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FIG. 9 




V= P„(v) - l-,(p) 



F, = Fo(v) + F,(p)-F^ + F,,Jd) 

Ff^(v): driving force from applied voltage 
F|(p): Image force due charges on particle 
F„,: Meniscus force 
Fyj^^.(d):Van der Waals force 
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FIG. 10 
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FIG. 11 
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FIG. 12 
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FIG. 13 
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FIG. 14 
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